Inflammation plays an important role in the pathophysiology of the metabolic syndrome (MS). We determined whether the overexpression of interleukin (IL)-18 could aggravate left ventricular (LV) remodeling and diastolic dysfunction in fructose-fed rats (FFRs). To create an animal model for MS, male Wistar rats received 10% fructose in water for 8 months. We used an adenovirus encoding rat IL-18 to overexpress IL-18 in FFRs by intravenous administration. IL-18 overexpression led to increases in collagen volume fraction and collagen deposition. LV systolic function was unaltered. But the LV end-diastolic pressure and the time constant of isovolumic relaxation (tau) were increased. Peak negative value of time derivative of LV pressure (-dp/dt) was decreased. Isovolumic relaxation time and myocardial index, as assessed by echocardiography, were increased. Overexpression of IL-18 leads to aggravated LV remodeling and dysfunction in FFRs. Attenuation of the inflammatory process may provide a novel therapeutic strategy in treating metabolic cardiomyopathy.
INTRODUCTION
Presence of obesity, non-insulindependent diabetes mellitus and hypertension is an essential feature of the metabolic syndrome (MS), which is associated with the development and progression of cardiovascular disease (1) . Recently, population-based studies report that MS patients also present mild but significant left ventricular (LV) diastolic dysfunction (2, 3) . Cardiac fibrosis, a major cause of diastolic dysfunction, is prevalent in these MS patients. Collagen type I and collagen type III are the major fibrillar collagens present in the adult heart. Excessive interstitial collagens in the myocardium are associated with organ stiffness and result in dia -stolic dysfunction leading to heart failure.
Clinical studies demonstrate that serum interleukin (IL)-18 is elevated in patients with MS, and IL-18 levels are associated with MS independent of obesity and insulin resistance, suggesting that activation of IL-18 is involved in the pathogenesis of MS (4) . IL-18 experimentally has been shown to induce production of tumor necrosis factor-α (5), IL-1β (5) , IL-6 (6) and inducible nitric oxide synthase (6) , which have all been associated with myocardial dysfunction (7) (8) (9) . To date, however, the effect of IL-18 on MS remains obscure.
Recent studies have shown that daily administration of IL-18 in healthy mice induces LV dysfunction and blunts β-adrenergic responsiveness to isoproterenol (10) . Moreover, induction of myocardial hypertrophy by IL-18 indicates a role for this cytokine in myocardial remodeling. Our group has previously shown (11) that perivascular fibrosis around coronary arterioles is evident in fructose-fed rats (FFRs), which was accompanied by a parallel increase in IL-18, as demonstrated by immunohistochemical analysis and real-time polymerase chain reaction. It is unclear, however, whether IL-18 upregulation may cause function alterations during MS. In the current study, we investigated the functional consequences of IL-18 overexpression in the FFRs.
MATERIALS AND METHODS

Preparation of Adenovirus Carrying the IL-18 Gene
Adenovirus containing the IL-18 gene (Ad-IL-18) and the control virus containing the GFP gene (Ad-GFP) were generously provided by the Key Laboratory of Cardiovascular Remodeling and Func-
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tion Research (QiLu Hospital, Shandong University, Jinan, China). These adenoviruses have been used in previous studies (12) .
Animals and Experimental Treatments
All rats were handled in accordance with the Animal Management Rules of the Ministry of Health, People's Republic of China (documentation 55, 2001), and experimental protocol was approved by the Institutional Animal Care Committee of Shandong University. Six-week-old male Wistar-Kyoto rats, purchased from the Animal Research Institution of Shandong University School of Medicine, were housed in individual cages at room temperature, with a 12-h light-12-h dark cycle (7 am to 7 pm). Rats were randomly assigned to two groups: control (n = 12) and fructose (n = 31) groups. Rats in the fructose group were given 10% fructose in drinking water and standard chow (16% protein, 8% fat, 50% carbohydrate, 22% trace elements) ad libitum, whereas rats in the control group had free access to tap water and standard chow. After being fed for 8 months, the rats of the fructose group were randomly divided into three groups: the fructose group (n = 9), MS-GFP group (n = 9) and MS-IL-18 group (n = 13). The rats in MS-IL-18 and MS-GFP groups were injected through the tail vein with 1 × 10 10 plaque-forming units of adenovirus harboring IL-18 (MS-IL-18 group) or GFP gene (MS-GFP group), respectively. The control and fructose groups received an equal volume of drug-free vehicle (normal saline solution). At 6 weeks, the echocardiographic parameters and the hemodynamic parameters were analyzed, and the animals were then euthanized. Tissues were harvested for morphological and biochemical analyses.
Echocardiographic Studies
Rats were anesthetized with 1.5-2.0% isoflurane by mask, with the chest shaved, and then situated in the supine position on a warming pad. Two-dimensionally guided M-mode recordings were obtained from the long-axis view by using a GE Vivid 7 system with a GE S10-MHz phased-array transducer (General Electric). Measurements of LV end-diastolic diameter (LVEDD), LV end-systolic diameter (LVESD), septum diastolic wall thickness (SWd) and posterior diastolic wall thickness (PWd) were made according to American Society of Echocardiography guidelines (13) . Ejection fraction (EF) was calculated as EF = (LVEDD 3 -LVESD 3 )/ LVEDD 3 × 100% and shortening fraction (SF) was calculated as SF = (LVEDD -LVESD)/LVEDD × 100%.
Mitral flow was recorded at the tip of the mitral valve from an apical fourchamber view using pulsed Doppler. Because the heart rate was >300 beats/min in most rats, it was difficult to clearly identify the A wave on transmitral flow velocity spectra. For this reason, measurement of the peak velocity of the A wave and DT was much less feasible than E wave measurement in all four groups. From the five-chamber apical view, aortic flow was recorded using pulsed Doppler with the smallest sample volume (0.06 cm) placed at the level of the aortic annulus. LV ejection time (ET) was measured from the beginning to the end of the aortic flow wave. The isovolumic relaxation time was measured as the interval between aortic closure and the start of mitral flow. Using the same tracing, we measured the time between the closing and opening of the aortic valve (DD) and between the opening and closing of the mitral valve (MD). The myocardial index (MI) described by Tei et al. (14) was calculated as follows: MI = (DD -MD)/ET.
Using pulsed Doppler tissue imaging, we also recorded early lateral mitral annulus movement (Ea) from the apical view as previously described (15) . All measured and calculated indexes are presented as the average of three to five consecutive measurements.
In Vivo Hemodynamic Measurements
Rats were intubated, ventilated and anesthetized (1.5-2.0% isoflurane). A 3.5-Fr microtipped pressure transducer catheter (Millar Instruments, Houston, TX, USA) was introduced into the LV via the right carotid artery. Heart rate, LV systolic pressure (LVSP), LV end-diastolic pressure (LVEDP), peak positive value of time derivative of LV pressure (+dp/dt) and -dp/dt were recorded simultaneously using a data acquisition system (RM6000, Nihon Kohden Corporation, Shinjuku-ku, Japan), and tau was calculated automatically from LV tracings. Because -dp/dt was demonstrated to be related and dependent on LVSP (14), we divided -dp/dt by LVSP [(-dp/dt)/LVSP]. The measurement was done in 10 consecutive cardiac cycles, and values were then averaged.
Total Collagen Staining and Morphometric Measurement
Rats were killed immediately after the hemodynamic study. The heart was rapidly excised and immersed in ice-cold buffer. The left ventricle was separated from the right ventricle, the atria and the great vessels. A portion of the left ventricle was harvested for histopathology, and the remaining was frozen in liquid nitrogen and stored at -80°C.
LV specimens fixed in 4% paraformaldehyde were embedded in paraffin and cut into 5-μm-thick sections. The sections were then deparaffinized in xylene, dehydrated with graded concentrations of alcohol and stained with Masson's Trichrome stain (16) . For each image, collagen volume fraction was determined as the ratio of collagen surface area stained with aniline blue with respect to myocardial surface area.
Morphometric measurements were conducted by systematically scanning the regions using a light microscope (BX-51, Olympus, Japan) at a magnification of 400× by an investigator blinded to the groups. Fields containing vessels, artifacts or incomplete tissue were excluded. Each image was analyzed using hue, saturation and intensity detection modes of the Leica Qwin Image Analyzer (Leica, London, UK) under standardized brightness and contrast according to the user manual of the software. Mean values of at least 15 fields were taken in each region of the heart for subsequent experiments.
Immunohistochemistry
Serial cryostat transverse sections of 5 μm thickness were fixed in acetone for 10 min, air-dried and stained by the indirect immunohistologic method. Tissue sections were treated with 0.3% H 2 O 2 solution for 10 min to inhibit endogenous peroxidase activity and were then incubated with blocking solution (5% cow serum; Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 20 min. To evaluate myocardial collagen type I and III levels, mouse monoclonal antibodies to collagen type I and III (Abcam, Cambridge, UK) at a 1:500 dilution were used. After being washed in phosphate-buffered saline for 10 min, the sections were incubated with secondary goat anti-mouse antibody and visualized with 3-amino-9-ethyl carbazole (Santa Cruz Biotechnology) as substrate. The nuclei were counterstained with hematoxylin, and the sections were viewed with a light microscope at a magnification of ×400.
RNA Extraction and Real-Time RT-PCR
Total RNA was extracted from left ventricles using TRIzol reagents (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. After DNase (RQ1; Promega, Madison, WI, USA) treatment, 1 μg total RNA was reverse-transcribed using random primers and Moloney murine leukemia virus (M-MLV) reverse transcriptase (Promega). A 2-μL aliquot of the cDNA was amplified by real-time PCR in 20 μL PCR mixture using SYBR Green Master Mix with the Light Cycler 2.0 (LCS4 4.0.0.23; Roche, Basel, Switzerland). The primer sequences were as follows: type I collagen (forward 5′-GGA GAG TAC TGG ATC GAC CCT AAC-3′; reverse 5′-CTG ACC TGT CTC CAT GTT GCA-3′), type III collagen (forward 5′-GAA AAA ACC CTG CTC GGA ATT-3′; reverse 5′-GGA TCA ACC CAG TAT TCT CCA CTC T-3′). Expression levels were normalized to the reference gene GADPH (forward 5′-TGC CAA GTA TGA TGA CAT CAA GAA G-3′; reverse 5′-AGC CCA GGA TGC CCT TTA GT-3′). At the end of each PCR run, the data were automatically analyzed by the system, and amplification plots were obtained. Melting curve analysis was performed to assess the specificity of the PCR products. All amplification reactions were performed in triplicate.
Statistical Analysis
Data are expressed as mean ± SD. All continuous variables were normally distributed before analyzed by ANOVA. Furthermore, we used the Bartlett test to analyze the homoscedasticity of the variables. A probability of P < 0.05 was considered statistically significant. SPSS version 13.0 for Windows was used for the analysis.
RESULTS
Echocardiographic Studies
Echocardiography was successful in every case. Compared with the controls, the hearts of FFRs showed structural changes such as increased LVEDD, SWd, and PWd (Table 1) . Functional abnormalities accompanied structural remodeling of the LV. The E wave and the Ea wave were significantly lower, and isovolumic relaxation time was significantly elevated in FFRs. These changes indicate that there is a modest decline in LV diastolic function in FFRs. As shown in Table 1 , isovolumic relaxation time and myocardial index were significantly elevated in the IL-18-overexpressing rats compared with the Ad-GFP-infected rats. This suggests that overexpression of IL-18 aggra-vates diastolic dysfunction in FFRs. SWd and PWd tended to be higher in MS-IL-18 rats than in FFRs, which did not reach statistical significance (P = 0.072). Systolic function, as assessed by ejection fraction and shortening fraction, was not significantly different among four groups of rats.
In Vivo Hemodynamics
The hemodynamic measurements could not be performed in three control rats, two FFRs, two MS-GFP rats and four MS-IL-18 rats because of technical difficulties. Heart rate and +dp/dt were similar during an invasive hemodynamic study ( Table 2 ). As expected in this model, LVSP, LVEDP and tau were significantly increased, and -dp/dt was decreased in FFRs. The load-independent index of relaxation, namely, -dp/dt/LVSP, was significantly lower in FFRs, demonstrating a slower relaxation rate in FFRs. Overexpression of IL-18 did not change the systolic parameters, but significantly altered the diastolic parameters, as evidenced by decreases in -dp/dt and -dp/dt/LVSP and increases in LVEDP and tau.
Collagen Volume Fraction
Histological and morphometric analyses showed that the degree of cardiac fibrosis, expressed as collagen volume fraction, was increased (6.72 ± 1.97 ver- Data are expressed as means ± SD. E, peak velocity of early mitral inflow; Ea, early diastolic velocity of the mitral annulus; *P < 0.05, **P < 0.01 versus the control group; ## P < 0.01 versus the fructose group; § § P < 0.01 versus the MS-GFP group. sus 3.73 ± 1.06, P < 0.01) in FFRs compared with the control rats ( Figure 1 ). Collagen volume fraction of rats receiving the IL-18 gene markedly increased compared with the MS-GFP group (8.43 ± 2.57 versus 6.78 ± 1.68, P < 0.05). There was no difference between FFRs and MS-GFP rats.
Expression of Collagen Subtypes
Both type I and III collagen mRNA levels were increased (4.81 ± 0.52 versus 2.49 ± 0.31, P < 0.01; 2.00 ± 0.20 versus 1.75 ± 0.14, P < 0.01) in FFRs compared with the controls (Figure 2 ). Overexpression of IL-18 led to the above mRNA levels significantly increased compared with FFR hearts expressing only GFP (5.34 ± 0.46 versus 4.87 ± 0.50, P < 0.01; 2.25 ± 0.26 versus 2.01 ± 0.20, P < 0.01). Figure 3 illustrates immunoreactive fibrillar type I and III collagens protein deposition in LV sections. An increase in type I and III collagen levels were observed in FFRs compared with control rats, and a visible increase in type I and III collagen levels was noted in the MS-IL-18 rats compared with the MS-GFP rats.
DISCUSSION
In the present study, we demonstrated that cardiac changes in the MS-like condition of the FFR model are characterized by LV diastolic dysfunction and remarkable collagen accumulation in the cardiac interstitium. Overexpression of IL-18 has significantly aggravated cardiac fibrosis and the diastolic abnormalities but have no effects on systolic parameters. This is somewhat inconsistent with the results of Woldbaek et al. (10) , which showed daily administration of IL-18 in healthy mice causes LV myocardial systolic and diastolic dysfunction. The explanation for this discrepancy might lie in differences in Data are expressed as means ± SD. +dp/dt, peak positive value of time derivative of LV pressure; -dp/dt, peak negative value of time derivative of LV pressure; tau, the time constant of isovolumic relaxation. *P < 0.05, **P < 0.01 versus the control group; # P < 0.05, ## P < 0.01 versus the fructose group; § P < 0.05, § § P < 0.01 versus the MS-GFP group. some of the experimental conditions. In Woldbaek's study, 0.5 μg mouse IL-18 was injected daily intraperitoneally in healthy male BALB/c mice during a time period of 7 days. However, in our study, FFRs were injected intravenously in the tail with 1 × 10 10 plaque-forming units of Ad-IL-18 only once. Our findings suggest a possible mechanism for cardiomyopathy frequently occurred in subjects with MS. The MS model was achieved by administration of 10% fructose in drinking water in male Wistar rats during 32 weeks. Our previous studies (11, 12) revealed that FFRs showed increased levels of body weight, blood pressure, triglyceride and insulin when compared with the control rats. FFRs developed insulin resistance as assessed by significantly increased homeostasis model assessment in those animals compared with control rats. Insulin resistance appeared to be the common mechanism of fructose-induced diabetes and naturally occurring diabetes in human subjects. For this particular animal model, we felt that it resembled the human condition in certain key metabolic profiles.
LV diastolic dysfunction can result from two different factors: namely, the alterations in active relaxation, which in turn depends on the biological process of adaptation, and the changes in diastolic compliance, which are direct consequences of chamber diameter and collagen abundance. Ventricular chamber compliance (the pressure-volume curve) depends on the ventricular diameter. Ventricular tissue compliance (the stressstrain curve) is determined by collagen concentration and the degree of fibrosis.
It is generally understood that the pathogenesis of cardiac fibrosis involves the response to two types of stimuli: hormonal and hemodynamic. The former mainly involves the renin-angiotensinaldosterone system and possibly the endothelin system. Our findings suggest an additional pathway (that is, an inflammatory process) that may interact with the hormonal and hemodynamic stimuli. During the inflammation process that takes place in an overloaded heart (17, 18) , both macro phages and T cells may release cytokines such as transforming growth factor (TGF)-β, and interleukins that can exert an effect on myocardial cells. The metabolism and proliferation of cardiac fibroblasts and cardiomyocytes as well as the extracellular matrix turnover constitute targets for these molecular signals. Collagen I and III first accumulate around intramyocardial coronary arteries, and then the fibrosis extends to the rest of the cardiomyocytes. This process represents the so-called reactive perivascular and interstitial fibrosis. Clearly, understanding the initial reactive events (that is, the activation of perivascular and interstitial fibroblasts) is important. It has been shown that inflammatory cells (17, 19) first infiltrate the perivascular domain, where fibroblasts synthesize collagen I mRNA (17) and, subsequently, also infiltrate the interstitial space.
Indeed, chronic subclinical inflammation is part of the MS and may be a causal factor for certain metabolic abnormalities, such as impaired insulin sensitivity (20) . The levels of inflammatory factors such as C-reactive protein (CRP) (21) and IL-18 (4) are elevated in the MS. It appears that IL-18 functions as a pleiotropic proinflammatory cytokine and plays an early role in the inflammatory cascade. IL-18 is able to stimulate the production of tumor necrosis factor-α (5) and secondarily IL-6 (6). In our study, IL-18 expression is altered in infected mice, and this was confirmed by GFP observation of liver sections (12) .
Reddy et al. (22) showed that IL-18 stimulates fibronectin expression in primary human cardiac fibroblasts via phosphatidylinositol 3-kinase-Akt-dependent NF-κB activation, suggesting that IL-18 in vivo may activate signaling pathways leading to cardiac fibrosis. Kim et al. (23) reported that IL-18 enhances thrombospondin-1 production in human gastric cancer via the JNK pathway. In addition, the inhibitory effect of heat shock on IL-18 expression is related to the interference of the JNK/AP-1 signaling pathway (24) . Recent studies revealed that AP-1 is involved in regulating the expression of IL-18 (25) , suggesting that the JNK/AP-1 signaling pathway could have a critical role in mediating the production of IL-18. In the present study, we have shown a direct effect of IL-18 on cardiac fibrosis. After infected adenovirus-mediated transfer of IL-18, the rats did show an increase in collagen volume fraction and expression of type I and III collagen relative to Ad-GFP transgenic rats. Further in vivo studies are required to elucidate the precise role of IL-18 in the pathogenesis of myocardial dysfunction. Exploration of the JNK/AP-1 signaling pathway is a valuable future research direction.
In summary, this study suggests an important role of IL-18 in myocardiac fibrosis occurring in the MS. It appears that increased IL-18 levels may play an important role in aggravating impaired diastolic function in the MS.
